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ABSTRACT: A systems approach to regulation of neuronal
excitation in the mollusc Pleurobranchaea has described novel
interactions of cyclic AMP-gated cation current (INa,cAMP),
Ca2+, pHi, and NO. INa,cAMP appears in many neurons of
feeding and locomotor neuronal networks. It is likely one of
the family of hyperpolarization-activated, cyclic-nucleotide-
gated currents (h-current) of vertebrate and invertebrate
pacemaker networks. There are two isoforms. Ca2+ regulates
both voltage dependence and depolarization-sensitive in-
activation in both isoforms. The Type 1 INa,cAMP of the feeding
network is enhanced by intracellular acidification. A direct dependence of INa,cAMP on cAMP allows the current to be used as a
reporter on cAMP concentrations in the cell, and from there to the intrinsic activities of the synthetic adenyl cyclase and the
degradative phosphodiesterase. Type 2 INa,cAMP of the locomotor system is activated by serotonergic inputs, while Type 1 of the
feeding network is thought to be regulated peptidergically. NO synthase activity is high in the CNS, where it differs from
standard neuronal NO synthase in not being Ca2+ sensitive. NO acidifies pHi, potentiating Type 1, and may act to open proton
channels. A cGMP pathway does not mediate NO effects as in other systems. Rather, nitrosylation likely mediates its actions. An
integrated model of the action of cAMP, Ca2+, pHi, and NO in the feeding network postulates that NO regulates proton
conductance to cause neuronal excitation in the cell body on the one hand, and relief of activity-induced hyperacidification in
fine dendritic processes on the other.

KEYWORDS: Command neuron, peptide, intracellular pH, h-current, nitric oxide

■ INTRODUCTION

The exploration of command neuron function in the nervous
system of the predatory sea-slug Pleurobranchaea californica
(Figure 1) initiated several decades of fascinating inquiry into
chemical modulation of plasticity of a novel cation current.
Like many good scientific inquiries, its course was marked by
blind alleys, unrelated but important observations, and
satisfying arrivals at truth. The experimental focus was an
exploration of neurons on the ventral side of the animal’s
buccal ganglion, which controls the biting and swallowing
movements of the feeding apparatus, the buccal mass. After
sampling various neuron cell bodies with an intracellular
microelectrode while simultaneously recording motor nerves
with extracellular suction electrodes, the experimenter

penetrated a neuron whose whitish albedo suggested a
peptidergic nature. The neuron, later unimaginatively named
the ventral white cell (VWC), put on a spectacular display of
neurophysiological fireworks.
The neuron spontaneously initiated a depolarizing plateau

potential with a rapid burst of action potentials lasting tens of
seconds, and even over a minute (Figure 2).1 The bursts were
endogenously generated; and spontaneous, slow plateau
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potentials could be observed in isolated VWC somata.
Prolonged bursts could be stimulated by brief excitation with
depolarizing current from the microelectrode, with activity that
far outlasted the triggering stimulus (Figure 3). Moreover, as
the action potentials repeated, they progressively broadened
from an initial duration at half a mplitude of ∼10 ms to
durations over 200 ms in some experiments (Figure 4). Most
remarkable was that as the neuron fired, the central pattern
generator of the feeding rhythm embodied in the buccal
ganglion initiated markedly high frequency bursts of rhythmic
feeding motor output recorded in the nerves (Figures 2 and 5).
A triad of exciting problems had just emerged in a single
experiment: (1) A new command neuron had identified itself
at a time when the natures and functional roles of command
neurons were subjects of hot debate,2 and few such neurons
were available for study at the cellular level. (2) How did the
neuron sustain its prolonged plateau activity and firing? (3)
What was the mechanism and functional significance of the
extreme progressive spike broadening?

■ THE COMMAND ROLE OF THE VWC
Low-level and spontaneous cyclic feeding network activity is
often recordable from the buccal motor nerve roots, and the
VWC tends to fire slow packets of spikes in phase with bursts
of retraction motorneurons (Figure 2). The command role of
the VWC in the isolated buccal ganglion manifests in

Figure 1. Pleurobranchaea’s nervous system, showing cells of interest
here: the cell bodies of the serotonergic metacerebral giant neurons
(MCGs) and the As1-4 neurons lie in the cerebral lobes of the
cerebropleural ganglion, those of the serotonergic cilio-locomotor
neurons in the pedal ganglia, and the VWCs in the buccal ganglia.

Figure 2. Spontaneous feeding activity recorded from an isolated
buccal ganglion preparation illustrating the two types of burst activity
typically seen in VWC. Upper two records are extracellular recordings
from motor nerve roots 1 and 3 of the buccal ganglion, while lower
record is an intracellular recording from the ipsilateral VWC. Typical
transition from short bursts phase-locked to feeding to longer burst
accompanied by intensified feeding activity is illustrated. Bursts in Rts
1 and 3 occur during fictive radular protraction and retraction,
respectively. Modified from ref 7.

Figure 3. Initiation and suppression of prolonged VWC bursts by
current injection. (A1) A short injection of depolarizing current
initiates spikes and is followed by a depolarizing afterpotential, which
supports several further spikes. (A2) A longer current phase triggers a
full prolonged burst. (B) A burst is initiated on rebound from
imposed hyperpolarization and is terminated by a short hyper-
polarizing pulse. Evidence that the current pulse terminates the burst
is the lack of a characteristic slow repolarization during which spikes
regain amplitude, as seen in the latter portion of the burst shown in
Figure 2. Modified from ref 7.

Figure 4. Superimposed action potentials from a depolarization-
induced train showing progressive spike broadening. Action potentials
were driven at about 3 Hz by a separate current-passing electrode and
samples, respectively, at 0, 10, 20, 30, 45, 60, and 90 s. Thus, the first
and approximately 30th, 60th, 90th, 135th, 180th, and 270th spikes of
the train are shown. From ref 7.

Figure 5. Consummatory buccal mass movements during VWC
activity in a semi-intact preparation. Shown are responses of the VWC
(intracellular record), contralateral stomagastric (gastroesophageal)
nerve (extracellular record), and buccal mass (BM) (force transducer
record). Records are continuous. Squid homogenate was introduced
directly into the buccal cavity via cannula (arrowhead). Downward
deflections of the trace mark protraction. Modified from ref 3.
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prolonged bursts of spikes that may trigger spontaneously
(Figure 2) or are induced by short pulses of injected
depolarizing current (Figure 3). During repetitive activity,
the action potentials progressively broaden with spike
repetition (Figure 4). The spike broadening was critical to
the emergence of command ability. The motor output of the
feeding network was induced at a threshold when VWC spikes
had broadened to a half-amplitude duration of 20 ms, a value
that was consistent across preparations (avg 20.07, SEM 0.66,
N = 3).1 We hypothesize that 20 ms might be the spike
duration threshold at which the VWC releases a peptide to
command the feeding motor output of the buccal ganglion.

■ FUNCTIONAL SIGNIFICANCE
The final cap on the functional significance came from studies
in a semi-intact preparation retaining the CNS, the buccal mass
feeding apparatus, and the chemosensory oral veil.3 In this
preparation, it was painstakingly shown that the VWC was
activated into prolonged burst/command mode by an
appetitive stimulus of squid homogenate pipeted onto the
oral veil, driving rhythmic feeding movements of the buccal
mass (Figure 5). When an emetic stimulus (10% ethanol in
seawater) was applied, the VWC was hyperpolarized, although
the feeding network drove cyclic rejection motor activity in
buccal mass and nerves.4,5 Therefore, the VWC was concluded
to act specifically as an ingestive feeding command neuron.
The VWC’s command role was to accelerate the feeding

motor network into a high frequency mode.1 At the same time,
output of the VWC’s axon innervating the crop/esophagus
caused that structure to relax its circular muscle and shorten
the longitudinal. This facilitated (1) eating as fast as possible
and (2) stuffing the gut from the rear forward, efficiently in
accord with the animal’s ability to eat half its weight in one
sitting!6

■ PROGRESSIVE SPIKE BROADENING
Investigations of progressive spike showed that the mechanism
corresponded to one previously described for molluscan
neurons without intrinsic bursting abilities.7 With the
depolarization of the repetitive spiking, there was an
accumulating slow inactivation of the delayed rectifier K+

current that repolarized the action potentials, which unmasked
a Ca2+ current that formed a shoulder on the falling spike.
Presumably, this enhanced Ca2+ influx led to the threshold of
the neuron’s ability to drive the feeding CPG, perhaps through
release of its peptide(s).

■ ROLE OF cAMP
At the time, not long after the description of cAMP as a potent
second messenger, it was being shown to modulate electrical
neuron activity in molluscan neurons.8 Membrane permeant
cAMP and the cAMP-phosphodiesterase inhibitor IBMX were
tested on the VWC, and it was found that they induced the
prolonged bursting activity.9 This observation started a search
for its mechanism of action. We first went down one blind alley
when current clamp observations seemed to tell us that cAMP
caused a reduction in the Ca2+-activated, outward K+ current.
We needed to be able to measure effects on inward vs inward
currents directly. R. Gillette built a voltage clamp to test the
hypothesis, with help from John Connor. We trained ourselves,
got the experiment to work, and were surprised to find that the
salient effect of cAMP was to induce an inward cation current

largely carried by Na+.10 That was the last time we felt bad
about being wrong about anything without strong proof. This
current had been previously described (Liberman, Minina, and
Golubtsov 1975), but not widely recognized. The character-
istics of the current suggested that it was a species allied with
the h-current of mammalian neurons and heart cells, a
hyperpolarization-activated current requiring binding of
cAMP.11 However, the character of the current in molluscan
neurons varied in different neurons such that activation by
hyperpolarization was not a ubiquitous defining characteristic.
The cAMP-activated cation current was now labeled

INa,cAMP, and was pursued at the single channel level. D. J.
Green built the lab’s first patch clamp and found that single
INa,cAMP channels were remarkably easy to find and record on
the VWC soma (Figure 6).10

■ TWO TYPES OF INa,cAMP

The current was characterized in neurons of the feeding
network and later in serotonergic elements of the locomotor
network in the pedal ganglia. We began precisely quantitating
cAMP activation of INa,cAMP by iontophoretic injection. There
were at least two types of INa,cAMP, based on their voltage
dependencies (Figure 7) and sensitivities to pHi and Ca2+. For
the Type 1 voltage dependence, the current increased from
−80 to −30 mV, while the Type 2 current increased with
hyperpolarization in that range, as for classic h-current. For
both types extracellular Ca2+ acted like a depolarization-
sensitive partial blocker, and its removal flattened out the
voltage dependencies.12,13 The I−V curve for the Type 1
current was suggestive that voltage sensitive Ca2+ entry could
have an activating function. The Type 1 current also showed
some Ca2+-sensitive inactivation after long depolarizations,
which was an apparent mechanism for terminating the minute-
long bursts in the VWC.14 The inactivation mechanism(s) may
involve second messenger pathways. The Type 2 current was
found in the serotonergic neurons of the locomotor effector
neurons of the pedal ganglia. Type 2 was highly sensitive to
inactivation with depolarization-induced Ca2+ influx, which was
the major cause of its voltage sensitivity.13 Moreover, unlike
the Type 1 current, the Type 2 current was insensitive to
manipulations of pHi.

14 The Type 1 current was also found in
neurons of the serotonergic arousal network,15,16 including the
metacerebral giant cell.17

Figure 6. Effects of para-chlorophenylthio-cAMP (CPT cAMP) on
single channel activity in a patch on an intact VWC neuron. CPT
cAMP in the bath saline increased single channel activity while the
cell is voltage clamped at −50 mV. Upper two traces are continuous
baseline recordings of single channel activity in normal saline (NS).
Lower two traces are continuous recordings 10 min after bath
addition of 10−4 M CPT-cAMP. Modified from ref 10.
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■ cAMP GATING
It was finally shown by L. Sudlow that stimulation of both
types of INa,cAMP by cAMP was not blocked by intracellular
injection of specific inhibitors of protein kinase A.18 Inward
single-channel currents were activated in excised inside-out
patches during exposure to cAMP in salines without added
ATP. Sodium was the major current carrying ion. Two distinct
types of INa,cAMP channel activity were observed, where opening
probability and open times differed, but conductance was
similar, 36.7 pS.18 These observations indicated that INa,cAMP
activation occurs by direct binding of cAMP to a regulatory site
at the channel, rather than by phosphorylation.

■ MODELING AND MEASURING cAMP ACTIONS
R.-C. Huang modeled cAMP diffusion kinetics in the neuron.19

This enabled L. Sudlow to develop novel theory with voltage
clamp technique to use Type 2 INa,cAMP to report on basal
levels of endogenous cAMP and adenylyl cyclase, and on their
stimulation by serotonin.20,21 Measurements were calibrated to
iontophoretic cAMP injection currents to enable expression of
the data in exact molar terms. In 30 neurons, serotonin
stimulated on average a 23-fold increase in submembrane
[cAMP], effected largely by an 18-fold increase in adenylyl
cyclase activity. Serotonin stimulation of adenylyl cyclase and
[cAMP] was inversely proportional to cells’ resting adenylyl
cyclase activity. Average cAMP concentration at the membrane
rose from 3.6 to 27.6 mM, levels consistent with the expected
cAMP dissociation constants of the INa,cAMP channels.

21 These
measures confirmed the functional character of INa,cAMP in the
context of high levels of native cAMP.

■ INTRACELLULAR pH
The pHi dependence of Type 1 INa,cAMP was markedly
interesting and quite enigmatic. It had been briefly described
in Helix neurons.22 At the time, we wrongly assumed that
cAMP would be acting through a phosphorylation mechanism.
We virtually ignored recent findings of cyclic nucleotide-gated
cation channels in retina and olfactory epithelium. Taking the
bit in our teeth, we undertook a survey of pH-sensitive
phosphorylation in proteins separated on 1- and 2-D gels.23

The findings were interesting: of around 200 separable
phosphoproteins, only a single one’s phosphorylation state
was quite sensitive to incubation of ganglion homogenate over
a physiological pH range of 7.0−7.4. This protein was also
identifiable in homogenates from lobster, sea urchin, and

earthworm. The neutral isoelectric point, molecular weight,
and triple phosphorylation suggested that it could be the
eukaryotic elongation factor 2 (eEF-2), which is responsible for
transferring the growing polypeptide chain from one ribosomal
site to another as a new amino acid is loaded. This protein is
the active target of diptheria toxin, and its phosphorylation
suppresses protein synthesis.
The unique finding of pH sensitivity in the phosphorylation

state seemed important, but we found it hard to publish,
perhaps partly because the pHi sensitivity seemed a bit too
exotic in the cell biology and biochemistry journals to which
we submitted it. When it finally came out,23 we had already
learned that the INa,Camp channels were activated by direct
cAMP ligand gating, and we did not wish to put more effort
into the phosphorylation work, however significant it seemed
at the time. Fortunately, Alexey Ryazanov learned of our work
and his laboratory then found that the phosphorylating kinase,
eEF-3 kinase, was exquisitely sensitive to both Ca2+-calmodulin
and pH.24 The ramifications of this dual sensitivity in the
physiology of cells are slowly emerging.
Still, what was the significance of the pHi sensitivity of the

Type 1 INa,cAMP? The answer lay in the unusual physiology of
nitric oxide, the gaseous neurotransmitter, in Pleurobranchaea’s
nervous system.
NO synthase was found to be widely spread in the CNS, and

the enzyme’s activity was as high as in mammalian cortical
tissue.25−29 Moreover, unlike the NO synthases characterized
in other molluscs, in Pleurobranchaea, it was insensitive to
Ca2+, not resembling the neuronal and epithelial NO synthases
of vertebrates, but being more like the Ca2+-insensitive NO
synthase of macrophages.28

Applying NO donors to the CNS stimulated strong fictive
motor output in the feeding motor network. Subsequent
observations showed that NO acted to strongly potentiate the
Type 1, but not the Type 2, INa,cAMP.

30 N. Hatcher found that
intracellular injection of MOPS pH buffer blocked the action
of NO. This suggested that NO might act by acidifying pHi.
Further, in the same study it was curious to find that NO’s
action was not mediated by cGMP. Indeed, cGMP lacked all
the actions for which it is noted in other molluscs and in many
reports on vertebrate systems. Nor was the NO effect mediated
by cAMP, as for instance through some phosphorylation
mechanism. We expect that NO’s action in this system is an
effect of direct target nitrosylation. Activation of h-current by

Figure 7. Voltage sensitivities of Type 1 (left) and Type 2 (right) INa,cAMP amplitude in normal saline in response to 5 s iontophoretic injections of
cAMP. For Type 1, the current is increased by depolarization up to −30 mV (modified from ref 12). For Type 2, amplitude increases with more
negative potentials from −30 to −50 mV, and is stable at more hyperpolarized potentials like classical h-current (modified from ref 13). The
currents both reverse near 0 mV (not shown).
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NO independently of cGMP has now also been noted in rat
hypoglossal motorneurons.31

A predicted effect of NO acting on pHi was confirmed by K.
Potgieter and C. McCrohan.32 Injections of the fluorescent pH
indicator BCECF into neurons expressing Type 1 INa,cAMP
showed definitively that NO caused an intracellular acid-
ification, up to 0.3 pH units, that markedly potentiated the
current (Figure 8). Moreover, alkalinizing pHo changed the

response of intracellular acidification to intracellular alkaliniza-
tion, consistent with a mechanism where NO was opening
membrane proton channels.

■ PEPTIDERGIC NATURE OF THE VWC

C. Lee and E. Romanova recently characterized the VWC
peptides, a task made possible by creating a library of peptides
in the nervous system. The library was created through a
shotgun proteomics approach.33 Liquid chromatography mass
spectrometry (LC-MS/MS) was used to determine putative
peptide sequences, which were assigned based on a tran-
scriptome of the Pleurobranchaea CNS (published under
bioproject PRJNA329516 by the Katz group at Georgia State
University).34 Resulting matches were assigned to respective
prohormones, and the prohormones were searched for
sequence homology using BLAST (https://blast.ncbi.nlm.nih.
gov/Blast.cgi?PAGE=Proteins) against the NCBI molluscan
protein database to determine homology with known
prohormones from other species. Next we performed single
cell matrix assisted laser desorption/ionization mass spectrom-
etry35,36 of isolated VWCs to determine their peptide content.
Using these single cell spectra, we observed that the VWC

contains a number of putative peptides, of which a subset has
been mass matched to characterized peptides in our Pleuro-
branchaea peptide library described above (Figure 9 and Table
S1). By peptide mass fingerprint approach, we assign these
matched peptides to two protein sequences supported by the
transcriptome project PRJNA329516. Examination of the
protein sequences for the presence of signal peptide and
convention cleavage sited for endopeptidases allowed us to
classify them as novel Pleurobranchaea prohormones: a FMRF-
amide producing prohormone, and another one homologous
to Aplysia pedal peptide 4 (accession NP_001191626.1),

Figure 8. NO stimulates rapid intracellular pH change in an isolated
soma of a metacerebral neuron. Bath application of the NO donor
DEA-NO (1 mM, 10 min, solid bar) in saline at pH 7.5 caused an
acidification that peaked around 15 min after donor application and
decayed slowly over minutes after washout. Resting potentials in these
experiments were −45 to −55 mV. Modified from ref 32.

Figure 9. Representative MALDI-TOF MS spectrum from the buccal ganglion ventral white cell. We have identified peptides from two novel
Pleurobranchaea prohormones in this neuron: a FMRFamide producing prohormone and a prohormone homologous to the Aplysia pedal peptide 4,
which we have named QNFLa-peptides producing prohormone. Prohormone and peptide characterization metrics are presented in Table S1.
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which we have named QNFLa-peptides producing prohor-
mone (Figure 9 and Table S1). Masses corresponding to
predicted mass of SCPB were not detected, which is
inconsistent with a homology with a bilateral pair of large
SCPB-staining cells in the buccal ganglia of a number of
nudibranchs that were also shown to produce feeding motor
output when driven.37 A difference is that the nudibranch
neurons project ipsilaterally out the gastroesophageal nerve
and the Pleurobranchaea VWCs project to the nerve
contralaterally. While exact functions of these peptides remain
unexplored at this time, they may enable the VWC to affect
multiple aspects of feeding. The VWC provides a motive force
to feeding interneurons that initiate feeding, but also projects
to the esophagus to cause longitudinal contraction and radial
relaxation during feeding. These physiological actions are
correlated but not identical, and thus the use of different
neuropeptides might be relevant to the simultaneous control of
these two coordinated behaviors. Coexpressed peptides often
have different rates of synthesis, and different release sites and
kinetics,38 which enable a single neuron to exert multiple
effects.

■ NEUROTRANSMITTER ACTIVATION OF INa,cAMP

Type 2 INa,cAMP of the locomotor neurons is activated by
serotonin, the natural source of which is likely the As neurons
of the cerebral lobe,15 thought to command cilio-locomotion.
The transmitters/modulators that naturally induce bursting via
Type 1 INa,cAMP in the VWC are expected to be peptides,39

none of which have been yet tested. Analysis of the peptide
complement of the VWC has tentatively identified peptides
from two novel prohormones (Figure 9 and Table S1). Some
of these might act on the other neurons of the feeding network
to mediate the VWC’s command role. Indeed, it is possible
that they will act on the VWC itself in an automodulatory
capacity to induce its own bursting mode. In this scenario,
depolarization of the VWC via synaptic input or injected
current would release peptide(s) that would act back on the
cell to stimulate cAMP synthesis and thereby activate INa,cAMP.
This remains to be tested.
Application of sequencing technologies to sea slug nervous

systems markedly enlarges potential for identifying neuron
homologies and peptide signaling. The Moroz laboratory
applied sequencing technologies, including single-neuron
transcriptome profiling, to CNS’s of Aplysia36 and Pleuro-
branchaea and Tritonia (in preparation). Senatore et al. have
sequenced CNS transcriptomes Tritonia diomedia34 and fellow
Nudipleura Melibe leonina, Dendronotus iris, Flabellina iodinea,
Hermissenda crassicornis, and Pleurobranchaea californica (in
preparation). Tamvacakis et al. identified genes related to
learning and memory in the CNS transcriptome of
Hermissenda crassicornis.40 Cook et al.41 fingered sequences
of circadian clock proteins Hermissenda crassicornis, Melibe
leonina, and Tritonia diomedea. Such results enable identi-
fication of genes encoding cyclic nucleotide-gated channels,
proton channels, NOS, components of the cyclic AMP and
cGMP cascades, a diversity of putative 5HT receptors, and
many neuropeptides. It should be possible to localize
expression of these in each neuron of the feeding and
locomotory circuits, comparing rest states and behavioral
arousal. In many ways, NOS systems in Pleurobranchaea are
quite distinct from those described in Aplysia and Clione (see
further), perhaps reflecting a role of feeding ecology in

evolution of NO signaling, molluscan feeding, and defensive
behaviors.29,30,42

■ SIGNIFICANCE OF NO-INDUCED pHi
ACIDIFICATION AND POTENTIATION OF TYPE 1
INa,cAMP

The activation of bursting activity in the VWC and the rest of
the feeding network by Type 1 INa,cAMP also causes appreciable
influx of Ca2+. Willoughby and Schwiening43,44 have elegantly
shown that such Ca2+ influx is accompanied by marked proton
production by Ca2+ buffering processes of extrusion and
sequestration, which causes marked pHi acidification in fine
dendritic processes to the extent that could locally compromise
the cell’s physiology. If NO does actually open H+ channels,
then dendritic proton channels would relieve the acidification
by conducting protons outward under dual conditions of
acidification and depolarization. A model for these actions is
shown in Figure 10.

These interesting effects still remain to be followed up.
There are few studies of effects of NO on pHi; but there are
reports that NO donors caused marked intracellular acid-
ification through unknown mechanisms in cultured cardiac
cells45 and hippocampal neurons.46 Whether these results were
independent of cGMP was not determined. There are fewer
reports still on pHi regulation of cyclic nucleotide-activated
cation currents. The Type 1 INa,cAMP has not yet been
investigated outside of Pleurobranchaea. These directions
remain to be followed by some adventurous souls.
INa,cAMP is widely spread in molluscan nervous systems, and

has been found in feeding network neurons of Lymnaea,47

Helix (Cornu) aspersa,22 Archidoris montereyensis and Aplysia
californica,48 and Navanax (Green and Gillette, unpublished).
It was of appreciable interest to find that the epileptogenic
drug pentylenetetrazol markedly potentiated INa,cAMP in

Figure 10. Integrated model for the actions of cAMP, NO, and pHi in
neurons of the feeding network. (A) Presumed peptidergic neuro-
modulators stimulate neuronal production of cAMP, which activates
INa,cAMP. The resulting electrical activity is accompanied by Ca2+ influx
and decrease in pHi due to proton production by Ca2+ buffering
processes. Increased [Ca2+]i has effects on INa,cAMP via different
pathways: both a potentiation of the current causing Type 1 INa,cAMP
voltage dependence, and a slower inactivation of the current. (B) NO
increases a proton conductance, gH+. In the large neuron cell body
proton entrance decreases pHi, which will potentiate INa,cAMP and
drive excitation. In the fine dendrites of the neuron, Ca2+ entry in
activity may cause large acid transients, possibly harmful to the cell’s
physiology, and which would be relieved by the proton conductance
to the outside.
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Lymnaea neurons as it simultaneously caused chaotic electrical
activity, possibly in tandem with inhibition of native cAMP
degradation.49 In Pleurobranchaea, and likely the other
gastropods, INa,cAMP provides the major “psychic energy” that
underlies feeding, locomotion, and the serotonergic arousal
network. The multiple roles and regulation of this h-type
current merit further investigation.
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